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Pressureless  Sintering  of  SiAlON  Gas  Turbine  Components 


SECTION  I . INTRODUCTION 


A.  General  Background 

Considerable  activity  has  been  devoted  during  the  past  few  years  to  an  effort  to 
apply  ceramic  materials  to  gas  turbine  applications.  Stringent  requirements  have 
limited  the  number  of  candidate  materials.  Materials  currently  being  seriously 
evaluated  are  SiC,  Si^N^  and  a recently  developed  class  of  materials  called  SiAlONs. 

he  term  SiAlON  first  referred  to  the  product  of  high  temperature  reaction  between 
Al^O^  and  Si^N^  described  independently  by  Jack  and  Wilson  (Ref.  l)  and  by  Oyama  and 
Kamieaita  (Ref.  2).  A number  of  workers  have  subsequently  investigated  SiAlONs,  and 
proper' ies  reported  for  the  material  have  excited  considerable  interest.  Desirable 
properties  reported  include  low  coefficient  of  thermal  expansion  (Refs.  3,  4,  5), 
good  ‘ hemal  shock  resistance  (Ref.  3)>  good  high  temperature  modulus  of  rupture 
(Ref.  3 ) , good  high  temperature  creep  resistance  (Refs.  3,  5)  and  good  oxidation 
resistance  (Refs.  3,  5,  6).  It  has  further  been  reported  that,  unlike  Si,Nj,  which 
requires  ho'-  pressing  in  order  to  achieve  high  density,  SiAlON  can  be  fabricated  in 
dense  shares  by  conventional  sintering  techniques  (Refs.  1,  3).  The  major  phase 
resulting  from  '-he  reaction  of  Al^O^  and  SigNj,  is  a solid  solution  based  on  an 
expanded  gSi-N^  struc'-ure  and  labeled  g'  (Refs.  1,  6).  However,  many  workers  who 
have  reacfed  mixtures  of  AloO-^  and  Si^Ni  report  the  presence  of  other  phases 
beside  the  phase  (Refs.  1,  4,  6,  7,  8,  9>  10).  Morgan  (Ref.  ll)  predicted  that 
in  fac*-  o'  eomresi'-ion  had  stoichiometries  given  by  the  formula  Si-,  XA1X  N^  x 0X, 
and  fha^  the  equilibrium  products  of  the  reac'ion  of  Si-JJ^  and  Alo0-,  were  multiphase. 
He  further  predicted  tha'  single  phase  g’  SiAlONs  having" the  above  stoichiometry  would 
not  sinter.  Recent  reports  of  phase  equilibrium  studies  in  the  system  Si^Nj^  - Si02  - 
Alo0-,  - AIN  (Refs.  12,  13,  l4,  IS,  l6)  have  confirmed  that  g’  SiAlONs  have  the  above 
s'oichiome'-ries  and  that  these  materials  do  not  sinter  (Ref.  15). 

The  goal  of  this  program  is  to  develop  pressureless  sintering  techniques  to 
produce  high  density  selected  single  phase  9'  compositions  of  reproducible  micro- 
structure and  to  characterize  these  compositions  in  terms  of  selected  mechanical  and 
thermal  properties.  The  program  is  a follow-on  to  prior  work  done  at  UTRC  under 
contract  to  the  Department  of  the  Navy  (Ref.  15).  In  the  former  program  phase 
equilibrium  studies  were  conducted  to  delineate  liquid-solid  compatibility  in  por- 
tions of  the  Si^ty  - Si02  - AI2O3  - AIN  diagram  relevant  to  a possible  transient 
liquid  phase  (TLP)  sintering  technique  for  0'  SiAlONs. 
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B.  Phase  Equilibria  Background 

The  first  detailed  phase  equilibria  study  to  appear  in  the  open  literature  is 
that  of  C.auckler  et  al  (Ref.  14).  Their  diagram  is  reproduced  as  Fig.  1.  Composi- 
tions are  plotted  in  equivalent  percent  in  this  diagram.  This  type  of  representa- 
tion is  discussed  fully  by  Jack  in  Ref.  16.  The  diagram  shows  an  isothermal  section 
at  1760°C  in  solid  lines.  The  authors  state  that  at  1760°C  adjacent  to  the  Si02  - rich 
side  of  the  3'  phase,  a two  phase  region  of  liquid  + 3’  exists,  and  the  dashed  section 
of  the  diagram  may  be  valued  at  a temperature  slightly  below  1750°C . 

In  addition  to  the  3'  and  solid  solution  phases,  Gauckler  et  al  show  a 
number  of  new  phases  in  the  AIN  rich  apex  of  the  diagram,  but  these  were  not  charac- 
terized. More  recently  Jack  (Ref.  16)  has  published  a diagram  for  the  system  based 
on  research  at  the  University  of  Newcastle  upon  Tyne.  This  diagram  is  reproduced  as 
Fig.  2.  This  figure  combines  data  obtained  from  hot  pressed  specimens  prepared  at 
temperatures  ranging  from  1550  to  2000°C,  with  most  of  the  data  obtained  at  1775°C. 
Consequently  this  diagram  cannot  be  taken  to  represent  equilibria  at  a particular 
temperature,  and  Jack  refers  to  the  diagram  as  an  "idealized  behavior  diagram". 

Not  represented  on  the  diagram,  but  stated  in  the  text, is  the  observation  that  " 

at  1750°C  much  of  the  region  between  O',  X,  and  Si^O^  is  liquid.  On  cooling, 

O',  X,  and  3'  crystallize,  but  some  glass  is  always  retained". 

The  general  features  of  the  diagrams  proposed  by  Gauckier  et  al  and  Jack  are 
quite  similar.  A number  of  new  phases  in  the  AIN  corner  of  the  diagram,  as  well  as 
the  3'  solid  solution  and  the  X phase  are  shown,  but  except  for  the  3'  solid  solu- 
tions, the  compositions  of  the  phases  differ  from  those  indicated  by  Gauckler.  The 
new  phases  in  the  AIN  corner  are  characterized  as  AIN  polytypes . Prior  work  at 
HTRC  (Ref.  15)  attempted  to  generate  liquidus  data  in  the  oxide-rich  portions  of 
the  diagram  by  thermal  analysis  and  metallographic  techniques.  A tentative  set  of 
liquidus  isotherms  in  the  general  region  lying  between  the  SiOo  apex  of  the  diagram 
and  X phase  is  shown  in  Fig.  3,  which  is  reproduced  directly  from  Ref.  15.  This 
diagram  is  plotted  in  atom  percent  rather  than  equivalent  percent  as  used  by  Gauckler 
and  Jack.  Data  of  Fig.  3 are  replotted  in  Fig.  4 as  equivalent  percent  and  the  com- 
ponents of  the  system  represented  in  the  same  spacial  orientation  as  thac  originally 
adapted  by  Gauckler  and  followed  by  Jack  so  that  direct  comparison  between  diagrams 
can  be  made.  This  diagram  shows  sub-solidus  compatibility  relations  only  on  the 
; ; iOp  side  of  the  diagram  since  these  appear  to  be  valid  over  the  temperature  range  con- 
sidered. Solid  phase  compatibility  on  the  AIN  side  of  the  diagram,  however,  was 
found  to  be  complicated  by  the  presence  of  at  least  one  phase  (the  y aluminum-oxynitride 
spinel)  that  is  stable  only  above  about  l650°C  and  dissociates  below  that  tempera- 
ture. Of  the  various  AIN  rich  phases  reported  by  both  Gauckler  and  by  Jack,  only  the 
15R  phase  was  found  to  form  readily  at  temperatures  below  about  l600°C  and  the  tem- 
perature ranges  of  stability  of  these  phases  appears  to  be  in  doubt.  The  l650°C 
phase  compatibility  relationships  found  by  Ref.  15  are  shown  in  Fig.  5.  (Again,  this 
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FIG.  2 


SYSTEM  Si3N4— AIN— Al203— Si02  AFTER  JACK 
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figure  has  been  redrawn  from  the  original  reference  to  conform  to  the  coordinate 
system  and  orientation  established  by  Gauckler.)  In  Fig.  5,  the  solid  lines  are 
drawn  with  a reasonable  degree  of  confidence,  while  the  dashed  lines  are  a "best 
guess”  as  to  the  equilibrium  assemblage  at  this  temperature.  Figure  6 represents 
the  compatibility  relationships  found  at  1750°C . No  attempt  was  made  to  represent 
compatibility  between  the  various  other  polytypes  reported  by  Jack.  The  primary 
concern  of  this  work  was  to  delineate  relationships  relevant  to  the  liquid  phase 
sintering  of  3'  solid  solution  compositions. 

Since  all  compositions  discussed  in  the  body  of  this  report  are  reported  in 
terms  of  atom  percent,  subsequent  phase  diagrams  used  in  this  report  will  conform 
to  our  original  scheme  of  representation  in  atom  percent.  Comparison  of  Figs.  3 
and  9 will  serve  to  orient  the  reader  in  these  two  representations. 


C.  The  Concept  of  TIP  Sintering 

Referring  to  Fig.  6,  it  can  be  seen  that  a broad  two  phase  region  of  S'  and 
liquid  exists  in  the  region  between  S'  compositions  and  compositions  close  to  the 
compositions  of  X phase.  In  Fig.  7,  hypothetical  tie  lines  have  been  drawn  between 
liquid  and  solid  S'  compositions  existing  in  equilibrium  at  about  1750°C.  One  such 
pair  of  compositions  establishes  the  line  a-b.  The  temperature  - composition 
diagram  for  compositions  lying  along  line  a-b  and  its  extension  is  developed  in  the 
lower  half  of  Fig.  7.  (Alternative  melting  characteristics  for  X phase  have  been 
drawn,  as  the  experimental  data  are  not  sufficiently  resolved  to  distinguish  between 
the  two.’)  From  the  lever  rule  (see  for  example  Ref.  17)  it  follows  that  S'  com- 
position b can  be  prepared  from  composition  c and  X phase  composition  a. 

It  could  be  argued  that  it  is  not  necessary  to  start  with  the  particular  com- 
positions shown  (i.e.,  X and  S'  phases)  and  that  unreacted  mixtures  of  constituents 
such  as  Bi^N^,  SiO,,  and  AIN  of  the  same  overall  composition  should  work  equally  well 
or  better  since  liquid  would  also  form  at  a lower  temperature.  However,  as  was 
shown  in  Ref.  15,  under  such  conditions,  nonequilibrium  assemblages  can  form  and 
persist  because  of  kinetic  reasons,  leading  to  a nondens ifying  situation.  Since 
prereacted  composition  c is  already  quite  close  to  the  composition  b in  equilibrium 
with  composition  a,  the  driving  force  for  solid  state  reaction  will  be  low  so  that 
both  solid  phases  should  persist  with  little  reaction  up  to  the  melting  point  of  a, 
provided  that  the  heatup  rate  is  reasonably  rapid,  whereupon  liquid  would  become 
available  to  participate  in  densification  processes.  With  sufficiently  lengthy 
elevated  temperature  heat  treatment,  presumably  the  composition  could  homogenize 
to  form  composition  b.  Qualified  success  was  realized  (Ref.  15)  in  achieving 
pressureless  densification  of  3'  bodies  using  prereacted  complimentary  compositions, 
but  strength  values  of  test  bars  were  modest,  ranging  from  about  20,000  psi  to 
50,000  psi.  Strength  appeared  to  be  limited  by  flaws  such  as  residual  porosity, 
metallic  inclusions,  and  residual  glass.  The  present  work  describes  attempts  to 
refine  the  TIP  process  and  characterize  bodies  made  using  this  process. 
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SECTION  II.  EXPERIMENT AI  PROCEDURES 
A.  Unit  Operations 

Figure  S is  a simplified  flow  sheet  of  the  basic  processes  used  in  the  TLP 
process.  Over  the  course  of  this  study  many  modifications  have  been  made,  steps 
added  or  eliminated,  and  procedures  changed,  always  with  the  goal  of  producing 
homogeneous  and  flaw  free  samples.  Figure  9 indicates  various  modifications  of 
and  additions  to  the  sequence  of  basic  processing  steps  that  were  used  at  various 
points  in  the  program. 

1 . Formulation  and  Batching  of  Fowder  Compositions 

Figure  10  shows  the  various  compositions  that  were  prepared  during  the  course 
of  the  program  plotted  on  the  phase  diagram.  The  compositions  in  atom  percent 
Si,  A1 , 0,  and  N are  presented  in  Table  I.  Compositions  34,  39>  56,  57,  and  58 
are  3'  Si-s_x  A1  0^  solid  solution  compositions.  Composition  31  is  an  x 

phase  composition.  Composition  55  was  chosen  to  lie  at  the  estimated  composition 
of  the  invariant  point  involving  the  phases  x,  3'  and  AlgO-,,  as  it  was  thought 
that  this  would  be  the  lowest  melting  liquid  that  could  be  in  equilibrium  with 
s'  solid  solution.  Compositions  such  as  34C5  are  complimentary  compositions 
which  should  yield  the  desired  s'  composition  when  reacted  with  the  proper  amount 
of  composition  31  or  55.  Thus,  34C5  reacted  with  5 w/o  31  should  yield  composition 
34,  etc. 

Composition  57  was  calculated  to  be  the  p'  composition  having  the  highest 
silicon  concentration  that  could  be  reacted  using  10  w/o  X phase  as  one  constituent. 
The  fact  that  57C10  does  not  lie  on  the  Si^N^-AlN  join  is  a result  of  the  fact  that 
the  AME  used  as  a starting  material  contains  some  SiO^.  Compositions 

labeled  A1 , A 2,  A3  and  A-*  were  prepared  from  mixtures  of  Atomergic  Si^Nij  and  X 
phase.  Atomergic  Si^N)+  used  to  batch  these  samples  consists  largely  of  the  S 
phase  rather  than  a as  is  the  case  with  the  AME  powder  used  for  the  ;ther  samples. 
The  rationale  f r investigating  these  various  compositions  will  be  discussed  in 
the  results  section  of  this  report.  Compositions  75C10  and  A1  through  A4  were 
exceptions  to  the  usual  processing  route  which  employed  prereaction  and  comminution 
of  the  starting  complimentary  composition.  These  compositions  followed  process 
flow  na^h  C of  rig. 

The  compositions  were  batched  from  raw  materials  listed  in  Table  II.  Chemical 
analysis  showed  that  t.he  SioN^  starting  material  contained  1.9  w/o  oxygen  (pre- 
sumably as  surface  Si  o , and  was  therefore  treated  as  having  the  chemical  formula 
Gig  0 N-j  in  the  batch  formulation.  The  A.  Si02,  and  AIN  were  treated 
as  having  the  iudicat-ed  stoicniometries . In  general,  hatching  was  done  in  100 


11 


R77-912532-4 


FIG.  8 


SIMPLIFIED  FLOW  SHEET  OF  SAMPLE  PROCESSING 
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FIG. 10 


SYSTEM  S»3N4— AIN— Al2C>3-Si02  (PARTIAL)  SHOWING 
COMPOSITION  INVESTIGATED 
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TABLE  I 


Compositions  Studied 


Designation 

Si 

Atomic 

A1 

Percent 

N 

71  (X  phase) 

13.04 

26.08 

52.17 

8.71 

34 

20.0 

22.86 

22.86 

34.28 

34C5 

20.37 

22.69 

21.32 

35.63 

?4cio 

20.77 

22.50 

19.60 

37.12 

34C15 

71.23 

22.29 

17.69 

38.79 

39 

35 

7.86 

7.86 

49.28 

55 

11.90 

27.37 

52.42 

8.30 

56 

27.50 

15.36 

15.36 

41.78 

56CIC 

29.11 

14.17 

11.27 

45.45 

57 

35.48 

7.38 

7-38 

49.76 

57C1C 

37.21 

5.30 

2.40 

55.07 

58 

14.28 

28.57 

28.57 

28.57 

58C5 

14.35 

28.70 

27.33 

29.62 

A1 

39.88 

2.61 

5.22 

52.30 

A2 

39.13 

3.26 

6.52 

51.10 

A3 

38.39 

3.91 

7.83 

49.88 

a4 

37.64 

4.56 

9.13 

48.66 
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TABLE  II 

List  of  Starting  Materials 


Si3N4: 

Kawecki  Berylco  high  purity  -powder 

Si02: 

Atlantic  Equipment  Engineers 

Cat  SI239,  99*9 % - 325  mesh 

A1203; 

Linde  A 0.3  u micropolish 

Alii: 

Atlantic  Equipment  Engineers 

Cat  AL106,  99.%  - 325  mesh 

R77-912532-4 


gram  lots.  In  most  instances  extended  ball  milling  to  reduce  the  particle  size 
of  prereacted  mixtures  was  involved  in  the  processing.  Ball  milling  experiments 
(see  below)  indicated  that  substantial  amounts  of  material  worn  from  mill  jars 
and  media  were  ''ntroduced  into  the  batches  and  it  was  necessary  to  take  this 
into  account  in  formulating  compositions.  Logs  were  kept  of  the  media  weight 
so  that  material  introduced  from  this  source  could  be  predicted.  An  example 
of  the  calculation  of  a batch  formulation  is  given  in  Appendix  1. 

2 . Wet  Blending 

Initially,  batch  constituents  were  placed  in  Roalox  size  0 jars  with  Burundum 
media,  covered  with  methanol,  and  milled  for  two  hours.  Later,  following  the 
various  milling  experiments  still  to  be  described,  polyethylene  jars  were  substi- 
tuted for  the  Roalox  jars,  and  either  reaction  sintered  Si^N^  or  Norton  high 
alumina  media  were  substituted  for  the  Burundum  media. 

3.  Drying 


Mill  charges  were  originally  dried  by  pouring  into  shallow  aluminum  foil 
trays  and  placing  these  above  a laboratory  furnace  to  evaporate  the  methanol.  As 
will  be  described  later,  this  procedure  was  found  to  lead  to  segregation  of  the 
sample  consf-i^uen*- s and  was  discontinued.  A spray  drying  procedure  was  adopted 
in  hope  of  preventing  segregation.  Mill  jar  contents  (including  the  grinding 
media  were  emptied  into  wash  bottles.  A large  tray  of  aluminum  foil  was  constructed, 
placed  on  a hot  plate,  and  a smaller  (8  in.  square)  plate  of  l/4  in.  aluminum 
placed  in  the  center  of  the  tray  and  heated  to  about  100°C.  The  wash  bottles 
were  kept  continuously  agitated  while  the  contents  were  sprayed  onto  the  hot 
aluminum  plate.  Evaporation  of  the  methanol  was  rapid,  and  the  dry  powder  was 
periodically  scraped  from  the  plate  into  the  surrounding  tray. 

L . I refiring  Batch  Composition 

Wnen  flow  ; ath  A of  Fig.  "•  was  followed,  the  dried  powder  was  compacted  into 
cylindrical  pellets  about  1 l/L"  in  diameter,  at  a pressure  of  about  15,000  psi. 

~hese  w»re  placed  in  boron  nitride  crucibles  and  fired  in  nitrogen  atmosphere  in 
an  NRC  vacuum  induction  furnace  to  about  l650°C  for  two  hours.  Following 
comminution  of  the  prefired  material  x-ray  diffraction  patterns  were  obtained  to 
determine  whether  reaction  was  essentially  complete.  If  not  *'he  powders  were  given 
an  additional  firing. 

Com;  act i of  the  powder  prior  to  prefiring  was  found  to  be  both  unnecessary 
and  undesirable ; reaction  of  the  blended  powder  was  found  to  be  just  as  rapid  if 
the  p'wder  was  ‘.amped  firmly  into  the  boron  nitride  crucible.  This  material 
could  be  easily  broken  apart  after  firing  thus  eliminating  most  of  the  comminution 
steps,  thus  permitting  flow  path  B of  Fig. 


17 


R77-912532-4 


5 . Comminution  of  Prefired  Pellets 

Initial  crushing  of  the  prefired  pellets  was  done  in  a Denver  Fireclay  Co. 

No. 1 crusher.  The  crushed  material  (-10  mesh)  was  milled  to  -200  mesh  in  a Cole- 
Farmer  laboratory  mill.  These  procedures  introduced  steel  fragments  into  the 
powder.  Attempts  were  made  to  remove  the  steel  fragments  by  passing  a strong 
magnet  through  the  powder  until  no  further  recovery  was  obtained. 

Analysis  of  metallic  inclusion  in  fired  samples  (to  be  discussed  later) 
showed  the  presence  of  iron  and  chromium.  While  these  impurities  are  present  in 
the  starting  material,  it  was  assumed  that  additional  contamination  was  introduced 
by  the  initial  crushing  and  grinding  which  was  not  removed  completely  by  the 
magnetic  treatment.  This  led  to  the  acid  milling  experiments  described  later, 
later  in  the  program  a Trost  air  mill  became  available.  This  was  subsequently 
used  to  reduce  the  -10  mesh  material  to  the  -25  p,  size  range.  All  of  the  above 
steps  were  found  to  be  unnecessary  if  compaction  of  the  powder  prior  to  prefiring 
was  eliminated. 

o.  Ball  Milling 

The  final  step  in  the  comminution  process  was  extended  ball  milling.  The 
first  attempts  to  do  extended  ball  milling  (up  to  100  hrs.)  using  Roalox  jars  and 
Burundum  media  resulted  in  samples  that  bloated  and  slumped  when  fired  at  1750°C. 
Measurement  of  weight  loss  from  the  jars  and  media  indicated  that  a large  amount 
of  material  was  worn  from  both  and  introduced  into  the  batch.  A high  alumina 
mill  jar  and  media  were  obtained,  but  showed  equally  high  wear.  It  was  decided 
to  expei'iment  with  milling  using  polyethylene  jars  and  various  grinding  media 
as  it  appeared  to  be  easier  to  keep  track  of  contaminants  if  only  the  media  were 
involved.  Media  used  were  tungsten  carbide,  Burundum,  high  alumina,  and  reaction 
sintered  Si^M^.  In  these  milling  experiments  100  gram  batches  of  -200  mesh 
prereacted  powders  were  placed  in  lo  oz.  wide  mouth  plastic  jars  which  were 
previously  filled  to  about  40  percent  capacity  with  a predetermined  weight  of 
grinding  media.  Methanol  was  added  to  a constant  level,  and  the  jars  placed  on 
variable  speed  set  c+'  rollers.  Speed  was  set  for  the  various  grinding  media  by 
adjust 3 - by  tar  for  uniform  grinding  action.  The  motor  coni  'ol  s tting  so 

stablished  was  ‘hen  used  in  all  subs<  jueni  runs.  Jontaminat i<  from  the  $rindi 
....  Was  i ■ ....  j bj  w<  3 ;hing  the  media  aft  ;r  jrii  lii  . 2oi  unination  from  the 
polyethylene  mill  jars  was  removed  by  heat ing  * he  dried  powd  r to  600  0 in  air  for 
1 hour. 


a.  Ac T3_Mi_ll^ing_and_! 1 ar ticl e_  Sise_Separations_ 

Milling  of  several  samples  using  a 50  percent  solution  of  H01  and  H?0  and 
Burundum  media  was  done  with  the  primary  purpose  of  dissolving  iron  particles. 

After  milling  for  different  lengths  of  time,  the  material  was  allowed  to  settle, and 
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the  1 iquid  decanted.  hresh  water  wan  added,  I ho  s.arrple  agitated.  with  a mapne-*  ie 
stirrer,  and  the  washing  procedure  repeated  until  a litmus  test  indicated  that 
the  acid  was  substantially  removed.  During  these  washing  operations,  it  was 
noted  that  the  ' -avier  particles  settle  quite  rapidly,  but  that  ever,  after 
standing  overnight,  some  solid  material  still  remainded  in  suspension.  The 
liquid  decanted  after  standing  overnight  was  retained  in  one  container.  During 
the  workday,  washings  were  repeated  at  about  3 hour  intervals.  Liquid  decanted 
after  standing  for  3 hours  was  stored  in  a second  container.  The  decanted 
fractions  were  then  centrifuged  down,  washed,  recentrifuged,  and  finally  ground 
under  acetone  in  a mortar  and  pestle  to  redistribute  and  dry  the  fine  powder. 

Mixing  of  ; rereacted  : owders 

In  the  early  sintering  experiments  using  the  variously  ball  milled  powders, 
mixtures  of  prereacted  compositions  were  made  in  small  (12  gram^  batches  by 
manual  grinding  under  acetone  using  an  agate  mortar  and  pestle.  I ater,  when 
test  bars  were  being  fabricated,  mixing  of  the  two  prereacted  compositions  was 
accomplished  in  the  final  ball  milling  operation. 

Coll  ■ ressing  of  Samples 

Early  test  samples  were  pressed  in  the  form  of  small  cylindrical  pellets  about 
3/8"  height  and  diamet-  r.  Later  test  samples  were  pressed  in  the  form  of  rectan- 
gular bars  having  re-:  n dimensions  approximately  7/16"  x 7/32”  x 1 l/2"  in  the 
case  of  bend  test  specimens,  and  7/l6"  x 7/16"  x 2.5"  for  impact  specimens, 
niaxial  pressure  of  about  15,000  psi  was  applied,  in  the  initial  pressing. 
Subsequently , the  uniaxially  pressed  samples  were  placed  individually  into  latex 
bags  which  were  evacuated,  sealed,  and  isostatically  repressed  at  60,000  psi. 

).  Firing  of  Samples 

. i pressed  samples  (cylinders  or  bars'  were  placed  in  3/6"  I.D.  boron 
nitride  crucibles.  In  some  instances  the  samples  were  packed  in  powder  of  the 
same  composition  which  was  intended  to  serve  as  a buffer, hopefully  to  establish 
*:;e  equilibrium  partial  pressure  of  gas  phase  constituents  above  the  samples. 

T.ve  boron  nitride  crucibles  were  fitted  with  tapered  lids  and  placed  inside 
■rat  : ite  susceptor  inserts  fitted  with  screw  tops  that  served  to  exert  pressure 
n the 'crucible  lids.  These  assemblies  were  placed  within  the  susceptor  of  a 
rraphite  vaccuum  induction  furnace.  Details  of  this  arrangement  are  shown  in 
Fig.  10.  The  furnace  chamber  was  evacuated  and  back-filled  with  nitrogen  to  one 
atmospnere  and  a low  flow  of  nitrogen  maintained  t rough  the  chamber  during 
firing.  Ihe  -output  of  molybdenum  sheathed  a W - w9  • • -rmocouple  in  the  susceptor 
was  led  to  an L and  1 Speedomax  H and  series  60  cord  r >l  units,  and  the  control 
units  in  turn  f-'d  a variable  voltage  supply  which  r laced  the  original  manual 
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SINTERING  FURNACE  DETAILS 


ATMOSPHERE:  NITROGEN  BACKFILL  AFTER  EVACUATION 


POWDER  OF  SUBJECT 
COMPOSITION 


77  02  172  5 


R77-912532-4 


control  variac  of  the  furnace  power  supply.  Susceptor  temperature  Indicated  by 
thermocouple  output  was  reproducible  to  ± 2°C  at  a given  control  se*  point.  The 
vertical  temperature  profile  within  a boron  niti ide  crucible  was  measured  using 
a second  W - W/Re  thermocouple  inserted  through  a hole  drilled  through  a crucible 
lid  and  susceptor  screw  top.  The  temperature  at  the  bottom  of  the  crucible  was 
found  to  be  about  5°C  cooler  than  the  susceptor  temperature  and  15  to  20°C  hotter 
than  at  the  top  of  the  crucible  when  the  susceptor  temperature  was  controlled  at 
1750JC. 


B.  Sample  Characterization 

1.  Characterisation  of  Prereacted  and  Ball  Milled  Powders 


1 base  identification  of  prereacted  powders  was  made  using  x-ray  diffractometer 
techniques.  Particle  , sizes  of  ball  milled  powders  were  assessed  by  examining 
samples  of  ultrasonically  dispersed  powders  in  the  scanning  electron  microscope 
f SEM  i . 

2.  Characterization  of  Sintered  Sarcples 

Bulk  density,  specific  gravity,  and  apparent  porosity  of  sintered  specimens 
were  determined  by  ASTM  test  C373-5.  Microstructures  were  examined  on  polished 
and  etched  sections  of  test  samples.  Thermal  stability  was  assessed  qualitatively 
on  the  basis  of  the  amount  of  decomposition  observed  at  different  firing  tempera- 
tures. [n  selected  instances,  x-ray  diffraction  patterns  were  obtained  either  from 
the  surfaces  test  bars  or  from  crushed  and  ground  samples.  The  scanning  electron 
microprobe  was  used  to  examine  sintered  specimens  for  impurities. 

a.  Modulus  of  Rupture  Testing 

Ton1  bars  were  ground  flat  and  parallel  to  approx ima t e dimensions  0.125"  x 

x 1.0C”,  and  one  surface  polished  through  6 micron  diamond  paste.  The  edges 
were  beveled  about  0.01”  at  a Uq°  angle.  Specimens  were  loaded  in  four  point 
flexure  with  the  oufer  span  of  0.75"  and  the  inner  span  0.375".  Cross  head  speed  was 
0.0  ■ in.  min.  Tests  were  carried  out  at  room  temperature.  Selected  specimens  were 
‘ nr*  e d a1  1000  and  1300°C  in  air,  and  1300  and  1370°C  in  argon.  Selected  fracture 
surfaces  were  examined  in  'he  SEM  in  an  attempt  to  identify  the  nature  of  the  flaws 
t ha‘  controlled  strength. 

b.  Creep  7t sts 

Selected  specimens  in  the  above  configuration  w re  loaded  in  three  point 
flexure  to  10,00''  , 00,000  and  ol* ,000  psi  at  1370°C  under  argon,  and  deformation 
t irv  ou "Vf  r.  wer-  obtained. 
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c . Imp act _Tes t i n g_ 

Test  bars  were  ground  to  dimensions  0.25"  x 0.25"  x 2.25".  The  edges  were 
beveled  at  45°  for  about  0.01".  These  were  tested  at  room  temperature  using  an 
instrumented  Charpy  impact  machine  and  the  energy  and  forces  to  cause  fracture 
determined . 

d.  Oxidation  Test£ 

Oxidation  tests  were  performed  on  several  test  specimens.  All  surfaces  of 
rectangular  specimens  were  polished  through  Linde  A micropolish,  and  the  total 
surface  area  of  the  specimen  was  measured.  Samples  were  weighed  to  the  nearest 
tenth  of  a milligram  and  placed  on  a platinum  tray  that  was  constructed  so  as  to 
support  the  specimens  along  two  lines  of  contact  and  leave  all  surfaces  exposed 
to  tne  atmosphere.  The  tray  was  introduced  into  a preheated  furnace  in  air 
atmosphere.  The  tray  was  removed  from  the  furnace  periodically  and  samples 
allowed  to  cool  to  room  temperature  and  again  weighed.  Weight  changes  were 
determined  at  temperatures  of  1000°C,  1300°C  and  l400°C . X-ray  diffraction 
patterns  were  obtained  from  the  oxidized  surfaces,  then  the  sample  mounted  in 
resins,  polished,  and  examined  metallographically. 

e.  Sulfidation  Tests 

Samples  were  prepared  as  described  above,  and  a 0.040"  hole  was  drilled 
through  one  end  at  each  sample  using  a diamond  core  drill.  About  0.1  mg/crr^  of 
aerosol  carbon  (Aquadag)  was  sprayed  onto  the  sample  surface,  followed  by  about 
1 mg/cm^  of  Ns^SO}, . Samples  were  suspended  in  a microbalance  in  air  atmosphere 
at  1050°C  and  the  weight  change  continuously  recorded  over  a 2h  hour  period. 

X-ray  diffraction  patterns  were  obtained  from  the  surfaces  following  the  tests,  and 
the  samples  polished  and  cross  sections  examined  metallogi aphically . Samples 
examined  included  a 3'  SiAlON  and  hot  pressed  Si^NL  containing  MgO  additive. 
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.'ECTION  III.  RESULTS  AND  DISCUSSION 


A.  Initial  Powder  Processing  Studies 
1.  Charac4"’ "i  s.at  ion  of  °owdcrs  Milled  wi  4 h WC  Media 


Compos i* ion  3q  (Table  I),  pelletised,  fired  to  l650°C  for  2 hours,  and 
crushed  *o  -°00  mesh  was  rilled  for  18,  45,  and  113  hrs.  SEM  rho'ographs  of  rep- 
resentative samples  of  ul4 rasonically  dispersed  powder  milled  for  the  different 
times  are  shown  in  Fir.  12.  Af* er  18  hrs^  4here  was  considerable  material  in  4 he 
* ransmicron  ran."  but  also  a considerable  amount  of  ma‘ erial  5 n,  and  larger.  Aft  r 
4s  hrs,  most  of  dhe  material  was  in  the  'ransmicron  range  about  2 u to  0.2  u. 
Milling  for  ^'P  addi'ional  hours  did  no*  reduce  the  part  icle  size  much  below  the 
>i*5  hour  distribu4  ion.  After  U*5  hours  of  grinding  several  grams  of  WC  were  picked 
up  by  the  sarnie,  and  this  gave  a strong  diffraction  pattern  when  4 he  powder  was 
X-rayed.  After  4 he  heat-  frea4ment  in  air  to  6 00°C  to  remove  4he  plastic,  a diffrac- 
tion pa4  4 ern  of  .70-,  was  observed.  1 rer.sed  pellets  of  this  material  fired  to  1700°C 
were  bloa'ed,  ant  filled  wi4h  many  metallic  appearing  inclusions.  X-ray  of  the 
sample  showed  these  4-o  be  PVSi0.  No  further  work  was  done  using  4 he  .7C  media 
because  of  4 he  con4 amina4 ion  problem. 


. Characterisation  o'*  r’owders  Milled  wi‘h  Ptirundur.  Media 


Powders  of  compos i‘  ior.s  and  3°»  pelletized,  fired  to  l6f>0°C,  and  'round  tc 
- X)  mesh  wer  1 all  mille  i f<  r periods  of  7 and  40  hrs  using  Burundum  media.  These 
w r ct(  • 4 o X-ray  analysis  is  order  to  ns.  ss  4 ! • legree  tc  which  ‘he  con- 

•4i4uen*s  hai  r acted.  In  selected  cases,  4he  products  were  X-rayed  again  after 
• °C  al  treatment.,  ■ ■ results  are  given  in  Table  III  along  wi* h data 

obt.aii  i ‘rots  sin*  •••  1 compact  • prepared  fron  tl  se  powd<  rs.  The  subscripts  on  Mi" 
corr.posi  * ir  - numbers  refer  tc  ‘he  milling  4 imes . Figure  12  presents  SEM  micrographs 
of  compos  U ior.  v4  r.illc  1 for  • he  different  4 ime  periods.  I4  can  be  seen  4ha4 
milli-  - is  -r4  nearly  as  effect iv»  in  reducing  par4 isle  size  as  when  ,.C  edia  were 

used.  \fi  4 40  hrs  of  milling,  there  is  sobm  ■■■■•■.  ■ ; . j iebris  but  most  of  th< 

mat  'ial  is  ■ ■ i II  1 u and  -pea4  er . Powders  x)  il  i 4 e i s i tt  i 3 a r pas 4 i el . ■ 

is  listributions  tc  * - » at  ..  listributios  r rpi  ••  i vely . 


cw  ! ”4 s of  corps  ■ i 4 ions  ?4  and  39  mille  i fc  ••  7 a-  ! 40  hours  were  pressed  into 
• ri"  liar  4 ~r  pellets  and  fired  *o  I77r°c  in  ord-  r 4 « as  -".ns  their  rela*  ive  reac- 


firins.  .’ample 


h0 


was  black  an!  porous  or  *h<  ntr  i i<  with  irops  cr  silicon  re4  al 


adherit  . 7h»  possibility  ‘hat  4his  sample  may  hav  beer,  a4  a higher  4 emrera4  ure 
* har  I;  iieated  b— atire  of  a mispor.it  ioned  or  failin’  hermocourle  was  considered 
i rep  at  ru  was  mad<  usit  • a new  thermocoapl<  wit)  the  same  result..  Micro- 
: * a pc  li  shed  st. Ion  o4'  sintered  pellet  o4‘  • an  shows  i -.  !'• , a 
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COMPOSITION  39  MILLED  FOR  VARIOUS  LENGTHS  OF  TIME 
IN  POLYETHYLENE  JARS  USING  WC  MEDIA 


FIG  12 


A 18HHS 
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COMPOSITION  34  MILLED  FOR  DIFFERENT  LENGTHS  OF  TIME  IN  POLYETHYLENE 

JARS  USING  BURIJNDUM  MEDIA 


FIG  14 


MICROSTRUCTURE  OF  PELLETS  AT  347  COMPOSITION  WITH  AND  WITHOUT  COMPOSITION 

5540  ADDITION-FIRED  TO  17750C 
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of  polished  sections  of  sintered  3^q  and  39;,  q pellets  are  shown  in  Fig.  If. 
Composition  3^y  and  39y  showed  essentially  no  sintering  overall.  There  were 
however  isolated  areas  of  fully  dense  material  in  sample  3^y  as  shown  in  area 
( I'i.' . lUB).  "he  genesis  of  these  dense  areas  will  be  discussed  in  Section  Ili.A.l.a). 
Composition  3^;  showed  some  sintering  as  seen  in  Fig.  15A,  whereas  3%q  was  ‘ cc. 
:’riable  to  be  relished. 

Comparing  4 ho  x-ray  resul 4 s from  ’he  nrereacted  powders  and  sintered  pellets 
* ! von  in  ’able  TTT,  ‘tv-  treater  react  ivity  of  4 he  higher  alumina  composition  (3**) 
is  annar-  n*.  '.It  hough  not  completely  reacted  to  a o'  solid  solu4  ion,  3’-  was 
nearly  sr  »f-  -*r  ? hrr  a4  1650  C,  whereas  39  consisted  largely  of  ‘ he  (yGi^N^  star*  in  * 
mat  rial , with  p rhaps  only  l/U  of  this  reacted  to  form  3'.  After  being  formed 
into  oompac*.4-  and  sirs  ’red  a-  177r°C  for  one  hour,  3^;,^  was  completely  converted 
•os',  wher  as  J9j  ■>  was  partially  reduced,  as  described  above . The  ou*  er  reduced 
port  ion  of  1 '■  sample  was  scraped  away  leaving  an  unreduced  core.  The  unreduced 
p ‘tioi  of  the  samplf  si  ill  ct  isisted  of  a mixture  of  a and  a ’ phases.  The  reduced 
material  gave  the  unidentified  x-ray  ra* 4 ern  shown  in  Table  IV.  One  can  conclude 
on  * h basis  of  ‘lie  above-  observations  that  the  in*  reduction  of  aluminum  and 
oxygen  into  +ho  system  accelerates  the  * rans format  ion  in  Si^Nj  and  that 

resul'  ing  s'  3‘ructur  has  a higher  thermal  -‘ability  than  the  <ySi.,rij  and/or  that 
he  ' rmal  stal  ilitj  increases  with  Al-0  concentration.  However,  long  term  (90 
hr)  creep  tests  ir  arg  atmospheres  at  1370°C  (Section  III.B.3)  raise  questions 
regarding  4 '•  H mal  stability  of  Al-0  substituted  SiAlONs . 

a.  ■ or  si  lated  ______  J Sint<  re(i  _ 1.-2.'  £_ 

Figure  V-  hows  ai  Lsolat  I d irea  in  a sintered  pellet  of  powder. 

The  oowd-'rs  which  wer  use  1 * r rake  4hese  samples  were  examined  and  found  to 
cotrain  small  flakes  o4’  material.  ome  of  4 he  flakes  were  extracted,  and  are 

shown,  in  Fig.  1*  A.  ’one  of  th* • powder  con4 aining  these  flakes  was  loosely 

placed  in  a BIT  crucibl-  and  fired  o 17r>0°C.  The  loosely  sintered  product  was 
easily  broken  apar  , a : i fully  iensified  ’’lakes  having  a glassy  appearance  could 
be  fbund  iistributed  throughout  the  sample.  Gome  of  these  are  shown  in  Fig.  l6B. 

. rei  xaminii  • the  prt  • lur<  s us  sd  4 1 iry  4 he  milled  powders,  it  was  concluded 
‘ha4  in  ‘he  process  cf  ovanora* ing  ’he  methanol  grinding  fluid,  finer  particles 
! suspension  while  ‘he  coarse  particles  settled  ‘ o the  bottom . Then  the 
las4  fluid  finally  evaporated  :*  left  a lease  layer  of  the  suspended  materials  on 
‘he  surfae  ’ of  4 he  aggregate  of  coarser  par’icles.  There  was  sufficient  green 
string4 h *o  ‘his  layer  ’ha4  flakes  of  it  survived  intac4  subsequent  processing 
operations.  ■ ’"his  ma"  erial  was  not  sieved  prior  4 o compaction.  ' 

There  is  a luesticn  whether  * his  segregation  of  material  was  strictly  one  of 
par* iole  sice,  or  wh-’hcr  a chemical  segregation  occurred  as  well  occasioned  by 
differen*  so‘‘li'. 4 .a'p  of  possible  mill  charge  const  i‘uents . Sintered  flakes 
were  examined  in  ‘h  scanning  electron  microprobe.  No  impurities  other  than  iron 
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A.  MICROSTRUCTURE  OF  PELLETS  OF  COMPOSITION  3440  FIRED  TO  1775°C 


FIG  15 
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B.  MICROSTRUCTURES  OF  PELLETS  OF  3940  COMPOSITION  FIRED  TO  1775°C 
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TABLE  IV 


Unidentified  X-Ray  Diffraction  Pattern  From 
Reduced  Region  of  Pellet  394q 
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FLAKES  FOUND  IN  POWDER  SAMPLE  347 
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and  chromium  could  be  found  in  *:he  flakes,  and  these  impurities  were  found  to  be 
associated  with  finely  dispersed  metallic  inclusions.  SEM  micrographs  at  800  x 
and  HOOOx,  and  Fe  x-ray  photographs  are  shown  in  Fig.  17.  As  a further  check  for 
chemical  differences  let  ween  dense  and  porous  regions,  the  polished  section  shown 
in  Fig.  lUB  was  examined  in  the  scanning  electron  microprobe.  Elemental  analyses 
revealed  both  areas  to  contain  3i,  Al,  0 and  N in  the  same  proportions  (within 
fhe  sensitivity  of  the  measurements).  Again,  elemental  analyses  detected  no  other 
impuri'ies  than  the  iron  and  chromium  associated  with  metallic  inclusions.  It  was 
tentatively  assumed  that  difference  in  sint erability  between  more  and  less  dense 
regions  was  primarily  one  of  part icle  size,  although  the  possibility  of  subtle 
difference  in  cor. nos  it  ion  could  net  be  ruled  out.  This  question  is  examined 
fur'her  in  Section  TIT. A. 3. 

legardin * the  association  of  iron  and  chromium  with  the  metallic  inclusions; 
met  allograph ic  examination  of  many  sintered  SiAlON  specimens  has  shown  that  the 
amount  and  sine  of  metallic  inclusions  is  a function  of  firing  temperature.  When 
!-  al  is  present  in  sufficient  quantity  to  be  detected  by  x-rays,  it  always  gives 
rise  ‘p  a pat 4 ern  attributable  to  Si,  no*  to  iron  or  iron  silicides. 

. Acid  '-'in;-  - and  ^article  Size  Separations 


Ar.  .a*  tempt  was  made  to  lower  the  level  of  the  iron  and  chromium  impurit  ies  in 
powders  discussed  in  Section  III. A. 2.  It  was  assumed  that  these  impurit  ies  would 
be  acid  soluable  so  that  milling  of  prereacted  powders  in  an  HC1  solution  would 
be  beneficial.  Being  mindful  of  the  drama* ic  effect  of  fine  particle  size  on  the 
sin* ering  of  these  powders  described  in  the  previous  section,  i*  was  decided  to 
make  use  of  the  washing  operation  to  also  effect  a rough  par* icle  size  separation. 
The  various  prepared  powders  were  further  milled  in  a 50  percen*  solution  of  HC1 
using  Burundum  media  and  separated  into  size  fractions  as  described  in 
lection  II. A. 6. a.  The  acid  milling  time  for  the  3*ty  and  3 9y  powders  was  lS  hrs 
since  it  was  desired  ‘o  further  reduce  the  particle  size  of  these  compositions. 
rowders  of  3^,3  and  39;(q  were  acid  milled  for  only  3 hour’s. 

Micrographs  of  decanted,  suspended,  acid  milled  and  3^j;,q  powders  and 
of  polished  sections  of  sintered  powder  compacts  are  shown  in  Figs.  18  and  19, 
respectively.  In  the  case  of  3^*y  a good  dispersion  was  not.  obtained  in  preparing 
‘he  sample  for  oxamina* ion;  much  of  the  ma* erial  appears  *o  be  agglomerates  of 
finer  nart  icier . Taking  this  into  consideration,  it  appears  that  *-he  particles 
are  all  less  than  about  7 u.  The  sin‘ered  pellet  of  the  3^y  decanted  fraction 
contains  several  large  roughly  spheridized  pores,  bu4  is  otherwise  qui'e  dense. 

The  sintered  compac * of  ♦he  3^ko  decanted  fract  ion  on  the  other  hand, appears  fo  be 
nearly  100  percent  hence.  These  observations  will  be  discussed  in  more  detail 
la4er.  By  way  of  contrast,  Fig.  20  shows  the  microst rue  lure  of  sintered  pellets 
prepared  from  the  coarse  fractions  (i.e.,  the  fractions  that  had  settled  from 
suspension  in  3 hours)  of  4 he  acid  milled  3*+y  and  3^4o  powders.  The  different 
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FIG  17 


ANALYSIS  OF  SINTERED  FLAKES 
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COMPOSITION  34  MILLED  AN  ADDITIONAL  18  HOURS  IN  HCI 


A.  FRACTION  DECANTED  AFTER  STANDING  3 HRS 


C SINTERED  PELLET,  x?00 


B.  SINTERED  PELLET,  x50 
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COMPOSITION  3440  MILLED  AN  ADDITIONAL  3 HOURS  IN  HCI 

A.  FRACTION  DECANTED  AFTER  STANDING  3 HRS 


B.  SINTERED  PELLET  X50 
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FIG.  20 


MICROSTRUCTURES  OF  SINTERED  PELLETS  PRESSED  FROM 
COARSE  FRACTIONS  OF  ACID-MILLED  POWDERS 
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decanted  fractions  of  39y  powder,  and  polished  sintered  pellets  are  shown  in 
Figs.  11  and  21,  respectively.  Micrographs  of  similar  fractions  of  39^  powder 
and  sir/ored  pellets  prepared  from  these  were  similar  in  appearance  to  Figs.  21 
and  22,  respectively.  It  can  be  seen  that  although  the  particles  in  the  decanted 
fractions  of  3°  composition  powders  are  as  fine  as  those  of  34  composition  decanted 
frac*ions  considerably  less  densification  has  occurred  again  indicating  +-he  gj-oa'  nr 
reac  ivi'y  of  composi' ion  34  compared  to  3°. 


An  xamina4 ion  of  Figs.  l8,  19,  and  20  discloses  that  densifica+ ior.  is  no'  a 
function  of  particle  size  and  nominal  composition  alone,  and  suggests  that  some 
chemical  segregation  as  well  as  particle  size  segregation  occurred  between  coarse 
and  fin-'1  fractions.  A mechanism  to  account  for  ‘his  can  be  postulated.  The  com- 


ho Burundum  grinding  media  is  given  in  Table  V. 


the  original  batch 


posi‘ion  ot 

composi4 ion  of  v-y  and  3^1)  were  compensa*  od  for  ‘he  anticipated  amount  of 
aluminosilicate  in'  roduced  into  the  respective  ba'ches  by  attrition  of  the  media. 
However,  he  additional  acid-milling  Irea'nen'  given  these  batches  in' roduced 
excess  aluminosilicate  into  the  batches.  'This  excess  was  small  in  -he  case  of 
3^1;o  which  received  only  3 addi'  ional  hours  of  milling  or  a 7 percent  overrun  in 
milling  ' ime.  In  the  case  of  composition  3^y  however,  the  overrun  in  milling  time 
was  3Pv')  percerg  _ ~he  excess  aluminosilica+ e would  move  the  composi' ion  from  * ha- 
of  a sin.'le  p’  phase  in'o  the  ‘wo-phase  region  of  g’  - X (j’  - liquid  a‘  1750cC). 
The  coarse  Tract  ion  of  acid  milled  powder  did  no*  sin'er  appreciably  as  seen  frer 
The  fine  frac4  ion  of  _ sintered  to  near  full  density,  while  ‘he  fin- 


frac' ion  of  3^y  4 ended  to  bloa4 . 1+  would  thus  appear  ‘hat  aluminosilicate  in4 re- 

duced by  media  a*  t-ri*ion  became  concentrated  in  ‘he  fine  particle  frac4 ions.  Thi  s 
would  be  expected  if  ‘he  material  worn  from  the  grinding  media  were  cf  a finer 
oarticle  size  than  '-he  mean  size  of  the  o’  phase  par 4 icl^s . "his  mechanism  wrul  i 
account  for  the  excellent  sin'ering  characteristics  and  rlassy  appearance  of  t!  > 
flakes  found  in  the  original  34y  powder  described  earlier  (Fir.  l6). 

Milling  Using  High  Altunina  and  Reaction  Sintered  Si^N),  Media 


High  alumina  media  were  obtained  because  ‘he  total  "impurities"  (oxides 
expressed  as  other  than  Al^O-^  or  SiO-,)  content  was  lower  than  ‘ha4  of  ‘he  Burundum 
media  (see  Tabic  V),  and  this  greater  hardness  promised  less  wear.  Reaction 
sintered  'i;2|,  media  were  also  obtained  and  it  was  thought  this  would  afford  mini- 
mum contamination.  These  latter  media  however  proved  to  be  of  poor  qualify  and 
oxhibi; ed  a large  and  variable  amount  of  weight  loss  thal  made  accurate  prediction 
of  a* ? ri* ion  impossible.  Table  VI  presents  some  lata  from  'he  ball  mill  logs. 

The  average  wear  rate  for  the  alumina  media  was  0.0242  g/far  and  the  coeffici or  - of 
variation  between  runs  was  8.5  percen4 . For  the  Si^N,  media  the  average  wear  ra*  e 
was  0.110  g/hr  and  the  coefficient  of  variation  17."  percent.  Thus,  in  the  case 
of  the  alumina  media,  for  100  gram  batches  milled  for  0^  hours,  the  amount, 
ma'erial  contributed  by  media  attrition  was  2.3  - 0.7  g.  The  variability  j_n  final 
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COMPOSITION  397  MILLED  AN  ADDITIONAL  18  HOURS  IN  HCI 


A.  FRACTION  DECANTED  AFTER  STANDING  16  HRS 


B.  FRACTION  DECANTED  AFTER  STANDING  3 HRS 
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SINTERED  PELLETS  OF  397  DECAMTED  FRACTIONS 


FIG  22 


A.  DECANTED  AFTER  STANDING  1G  MRS 


B DECANTED  AFTER  STANDING  3 HRS 
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Grinding  Media  Compositions 


Burundum 

High  Alumina 
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TABLE  VI 
Media  Wear 


A.  High 

Alumina  Medi 

a 

Ball  Mill 

V 
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1 

56431 
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average  value 

coefficient  of  vari 
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B.  Si3Nu 
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composition  arising  from  variable  attrition  was  thus  0.2  percent.  Of  the  2.3  grains 
of  material  introduced  from  media  attrition,  3 percent  was  as  oxides  other  4han 
AlpO^  and  SiOp  (see  Table  V).  Thus,  total  impurities  introduced  was  ''.07  per- 
cent of  the  batch  weight. 

The  variability  in  the  final  batch  compositions  arising  from  sari at  attri- 

tion of  t lie  3i_N,  media  was  over  7 percent . In  order  to  insure  ar-ura'  sate!: 
formulation  using  this  media,  it  was  necessary  to  underestimate  * ! w-  :.•!.•  loss 
and  then  give  additional  milling  time  as  required. 


B.  Broper4 ies  of  dint ered  Bars 
1 . Density,  '-ticros ' nv • nre  and  flexural  rong1 h 

Fabrication  and  si  lata  for  modulus  of  rupture  specimens  are  recorded  in 
^able  VTI.  The  fabrication  process  for  each,  series  of  specimens  is  coded  in  terms 
of  4he  various  flow  pa' hs  in  Heated  in  Fig.  9 as  follows:  4 he  first  letter  indi- 

cates the  pa* h followed  by  4h-  complimentary  composition,  the  second  le4  ter  indi- 
cates the  pa*  h follow  1 by  4 he  X phase  composition,  and  the  final  number  indicates 
'he  path,  af4  er  combining  <h"  4 wo  compositions,  dimples  numbered  331'  through  4 50 
constitute  the  firs4  series  of  compositions  investigated,  namely  a series  of  p’ 

Bi,  y-Al^O  Ni  . compositions  4 hat  were  compounded  using  10  wo  of  X phase  and  the 
antiropria4  e oomnlimon4 ary  composition.  Micrographs  of  selec+ed  polished  and 
et  ched  sect  ions  of  4 est  bars  from  4 his  series  are  shown  in  Figs.  23,  24  and  25. 
Reproductions  of  diffractometer  traces  for  X and  ICR  phases  and  for  selected  test 
bars  are  shown  in  Fig.  26.  The  density  measurements  and  micrography  indicate 
‘hat  samples  o"  composi4ion  34  sin'ered  to  essentially  full  density.  The  micro- 
graphs show  the  presence  of  metallic  inclusions,  and  the  size  and  number  of  inclu- 
sionsis  seen  to  increase  wi4h  increasing  firing  temperature.  The  diffraction 
pattern  for  silicon  me1 al  can  perhaps  be  discerned  in  the  diffractometer  traces, 
although  this  barely  emerges  from  the  background  noise.  Other  weak  peaks  are  dis- 
cernable  that  could  be  attributed  to  X phase,  but  the  possibility  of  overlap  with 
other  nhases  precludes  positive  identification.  The  surfaces  that,  were  etched  with 
HF  appear  to  exhibit,  finely  dispersed  microporosity.  Since  X phase  is  at  least 
as  res  is ‘an4  ‘o  HF  as  the  p’  phase  it,  is  possible  4 hat  the  material  etched  from 
the  pores  or  grain  boundaries  was  glass.  Whatever  the  grain  boundary  phase,  it  is 
clear  that  the  composition  34  prepared  from  34C10  did  not,  homogenize  completely 
to  a single  phase  material  during  4 he  heat  treatments. 

Composition  56  was  more  difficult  to  sinter  to  high  density  than  was  34.  Con- 
ditions that  produced  fully  dense  material  in  the  latter  case  (firing  at  tempera- 
tures of  1750°C  to  l800°C  for  1 hr)  resulted  in  severe  reduction  of  the  composi- 
tion 56  test  bars  --  high  porosity  and  beads  of  silicon  metal  on  'he  surface. 
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VII.  FABRICATION  AND  US  I UA1A  f'oh  MODULUS  Of  HUl-TUKL  SPECIMENS  (Cent' 
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FIG  23 


POLISHED  AND  ETCHED  SECTION  OF  SAMPLE  344 
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FIG.  24 


A.  POLISHED 
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DIFFRACTOMETER  TRACES  FROM  TEST  SAMPLES 


FIG.  26 
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This  is  consistent  wi- h the  findings  presen4cl  in  Section  III. A.  In  the  can-  of 
samples  700,  400,  and  401,  there  was  a gradient  of  chemical  and  physical  prop  r* i-  ' 
along  the  test  bars.  The  t op  ends  of  4 ho  bars  as  they  stood  in  the  crucibli  w r< 
dense  and  shiny  black  in  appearance,  as  were  all  of  the  composition  3**  bars,  "t  • 
middle  sections  were  lighter  in  color  and  quite  porous , while  4ho  bottom,  ends  were 
very  porous  and  covered  wi*h  beads  of  silicon  metal.  Measurements  have  shown 
tha4  ‘here  is  a maximum  tempera* ure  difference  across  the  bars  of  abou‘  ~0°0  as  a 
result,  of  a thermal  gradient  in  the  furnace.  This  points  ou‘  the  fact  « ha4  4 here 
is  an  extremely  narrow  temperature  range  (a*  leas*  at  one  atmosphere  of  nitrogen 
pressure)  where  the  TL7  sintering  can  be  carried  ou4  in  this  system.  The  compos i- 

* ion  richer  in  aluminum  (i.c. , 3*0  appeared  to  be  stable  to  a somewhat  higher 
tempera* urc,  as  was  found  earlier  (fee*  ion  III. A).  Test  bars,  U09,  4 10,  and  Ull 
fired  at  a nominal  temperature  of  1750°C  had  a somewhat  spotty  appearance  as 

* hou Th  liquid  formation  was  not  uniform  over  all  the  bars.  Samples  412,  413,  UlU , 
and  *tlr)  fired  to  a nominal  temperature  of  l800°C  for  a short  period  appeared  to  be 
well  densified,  bu*  there  was  again  evidence  of  some  reduc4 ion  4 oward  the  bottom 
of  4he  bars.  The  firing  of  bars  4l6 , 4 17,  4l8,  and  4l9  was  an  attempt  to  suppress 
decomposition  of  the  samples  by  the  powder  pack,  and  this  was  successful.  The 
micrograph  of  sample  4l7  shown  in  Fig.  25  shows  some  porosity,  although  the  appar- 
on*  porosity  lotermined  by  water  absorption  was  zero.  This  would  indicate  4 ha‘ 
the  porosity  is  closed  rather  than  interconnected.  Compos i 4 ion  57  did  not  sin‘er 
a4  l800°c,  even  in  the  powder  pack,  and  all  samples  suffered  severe  reduction. 

Mechanical  tests  on  bars  of  compositions  34  and  5f  of  this  series  showed  a 
wide  spread,  of  strength  values  from  a low  of  17,000  psi  to  a high  of  43,000  psi. 

"'he  mean  s4  rer.gt  h of  the  composition  g6  bars  (34,000  psi)  was  higher  and  the 
coefficient  of  variation  (20)  somewhat  lower  than  corresponding  values  for 

the  compos i‘ ion  34  bars  (?8,700  psi  and  °7,  respectively).  All  of  the  test  bars 
appeared  • o bo  very  brittle  and  exhibited  mul' iple  crack  branchings  when  broken 
both  a1  room  4emperature  and  a1  1?00°C.  This  generally  resulted  in  a portion  of 
the  bar  being  ejected  at  fracture.  In  the  case  of  the  high  temperature  fracture 
the  ejected  f ragmen 4 s wore  trapped  inside  the  furnace  and  were  retrieved.  In  a 
larg  proport  ion  of  t he  test  bars  failure  init  iated  at  or  very  close  to  one  of 
th(  "beveled  •'!*■  s adjoining  ‘he  tensile  face  as  shown  in  macrographs  of  represen- 
4 a‘ ive  carries  in  Fig.  77.  delected  7KM  fractograms  are  shown  in  Figs.  28,  70 
an  1 -o.  region  wh-re  failure  initiated  could  be  located,  but  the  exact  nature 

of  Mv  in Uial  ‘’law  was  no*  always  easily  identified  because  of  debris  on  the 
surfac  . sase  < f sdge  Initiated  fractures , Pigs.  ;fl  an:  ■ >,  the  initial 

flaw  ann-  nr-  ‘o  hav-  b -on  a preexisting  crack.  A case  where  failure  originated  a4 
> • ear  nile  surfac  somewhat  listani  fron  the  edg<  is  shown  in  Fig.  29. 

• ■»•■■■  * b flaw  arp-ars  *o  be  a small  pore.  There  i also  evidence  of  an  inhomo- 

• hi  tenoral  area,  namely  a slight ly  iig‘  ' r appearing  region  just  below 
‘Is  frac'ur  site,  and  what  appears  4o  he  an  inclusion  penetrating  the  tensile 
surfac-  g ' byend  ho  fracture  site  in  he  lower  right  hand  photograph, 

‘•.-'-ard]  r ' ‘ ini*  ia'  ion  si‘e,  both  l he  macrographs  and  the  fractographs  show 
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FIG.  27 


MACROGRAPHS  OF  FRACTURE  TEST  BARS 


A.  REPRESENTATIVE  ROOM  TEMPERATURE  FRACTURES 
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characteristics  of  glasslike  fracture,  and  the  fractographs  suggest  that 
fracture  propagated  through  an  intergranular  phase. 

Several  possible  causes  for  the  likely  presence  of  glfsss  or  X phase  in 
grain  boundaries  can  be  postulated,  and  corrective  measures  proposed.  Possible 
causes  for  retained  grain  boundary  phase  in  the  above  samples  are:  l)  + he 

pres  'nee  of  -lass  forming  impurities  such  as  the  alkaline  and  alkaline  earth 
oxide;  introduced  from  ‘he  alumina  grinding  media  resulted  in  excess  liquid  forma- 
tion, 7)  inability  4 o control  stoichiometry  with  sufficien*  precision  placed  4 rue 
compositions  of  fully  densified  samples  in  t he  two  phase  g ’ - X rather  4 haa  on  a 
si::  :lo  phase  composition  as  intended,  3)  firing  schedules  were  inadequate  tc 
oermi4  4 1 ;•  system  to  reach  equilibrium,  i.e.,  fully  react,  ‘he  liquid  an!  the  solid 
cons4  i iu-  n‘  s . 

: ; ■ :ssing  the  first  possibility,  samples  . through  470  of  Table  VII  were 
p:'  "oared  with  material  milled  using  di-Nj^  rather  than  alumina  media  for  compari- 
son. wit  h samples  3 sS  through  374  above.  Fi.-ure  -,1  shows  t he  micros truct.ure  1 ypical 
cf  this  series  of  1 est  specimens. 

femrarison  of  the  tensity  data  and  microstructures,  Figs.  23  and  31 > shows  that 
‘ b snmpi.  ' milled  wit!,  ,'i  Id.  media  are  a bi‘  less  dense  t han  4 he  alumina-milled 

5 •• 

enemies,  bu*  ‘ i.e  mean  s4 rear4 hs  an  l the  variability  in  strength  were  virtually 
id  ntical  for  samples  prepared  by  'he  different  processes.  Samples  5U5  through  751 
were  prepared  using  a lower  concentration  of  the  X phase  component  to  give  the 
care  overall  composition  as  'he  above  samples.  The  rationale  for  this  was  to  see 
if  reducing  4 he  arr.oun4  of  liquid  former  would  result  in  a decrease  in  ‘he  amount  of 
residual  grain  boundary  phase  and  an  improvement,  of  mechanical  properties.  A 
reprenen-  a*  ive  microstructure  of  these  samples  is  shown  in  Fig.  32.  Examinat  ion 
of  fh  mierost  rue  Hires  (compare  Figs.  31  and  32)  and  porosity  data  shows  'he 
la'  .'ample.:'  • o be  somewhat,  more  norous  but  comparable  in  strength  to  the  samples 
pr  pared  wi‘:  11  w o of  X phase. 

Th  above  results,  along  with  the  rest  of  the  micros true tural  and  strength 
ia‘ a for  camples  i nt.en  ! • i to  be  single  phase  g'  and  which  could  be  sintered  (i.e., 
cormor.it  i<  r*'  , samples  '*00  through  4lO,  and  the  new  composition  58,  samples  552 
" • w 4 ‘ FJ  -.  3 ' indicate  a remarkable  uniformity  in  mean  strength  regardless 
"all  cormositio-i  and  processing  4 echniques.  This  suggest  s that  the 
•ar*  'i'-'  >•.  a-  00  ‘rolling  the  sfreng+h  of  all  these  varied  compositions,  and  it 
• *r  ■ r><  • ula'  1 a ‘he  common  fac'or  is  a residual  grain  boundary  phase  which 

vow : • ‘ r glass-,  cr  erg  s' alline  X phase.  long  time  heat  treatment  s at 

1 rr  <ir  • v 11  \ dew  4 ! . • iiscociat  ion  4 temperature  (samples  351  through  357) 

p ! home  ••'-.ination  of  samples  did  not  improve  mechanical  propert  ies, 

his  mi  i lies  al  lt.l  p r taction  is  too  sluggish  to  affect  homogenization 

• rr*  —1  ir  , or  ‘had  in  fact  4 he  compositions  of  samples  ‘ha4  sintered 
v 11  ha  1 m<  - ! in  o 4 !.  • wo  phase  field  as  suggested  earlier.  Firing  for  extended 
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POLISHED  AND  ETCHED  SECTIONS  OF  SAMPLE  462 


a)  POLISHED 


ta) FTCHED 
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FIG.  32 


a)  POLISHED 


b)  ETCHED 


POLISHED  AND  ETCHED  SECTIONS  OF  SAMPLE  543 
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periods  at  one  atmosphere  pressure  at  temperatures  above  1750°C  where  the  X 
phase  would  be  liquid  leads  to  further  decomposition  of  samples,  and  equipment 
is  not  yet  available  for  extended  high  temperature  heat  treatments  at  high 
pressure.  In  either  case,  the  problem  of  maintaining  precise  compositional 
control  is  a very  severe  one  because  of  the  fact  that  the  homogeniety  field  of 
3'  appears  to  be  extremely  narrow  so  that  any  excess  of  either  oxide  or  nitride 
will  result  in  the  formation  of  second  phases  (X  phase  or  liquid  in  the  case  of 
excess  oxide  or  15R  phase  in  the  case  of  excess  nitride). 

Addressing  the  possibility  that  during  processing  the  compositions  intended 
to  be  single  phase  3'  had  moved  into  the  3'  - X field,  ways  were  considered  that 
unaccounted-for  oxide  could  have  been  introduced  into,  or  nitride  effectively 
removed  from  the  system.  Possible  sources  of  added  oxygen  are,  1'  water  desolved 
in  the  methanol  used  in  ball  milling,  2)  continuing  reaction  of  sorbed  atmospheric 
water  with  nitride  starting  powders,  and  3)  oxidation  of  the  nitride  powders  during 
the  low  temperature  firing  in  air  to  burn  out  organic  contamination.  The  obvious 
mechanism  for  the  loss  of  nitride  is  the  dissociation  of  the  reactants  during 
firing  which  is  evidenced  by  the  generation  of  metallic  inclusions  throughout  the 
fired  samples.  loss  of  Si_,N;t  alone  would  not  shift  the  composition  into  the 
2'  - X field,  but  any  loss  of  AIN  would. 

In  addressing  this  question  experimentally,  rather  than  investigate  each  of 
these  possibilities  separately,  it  was  simply  assumed  that  they  do  occur,  and 
all  contribute  to  shifting  the  composition  into  the  g'  - X two  phase  field  by 
an  unknown  amount.  Then  the  ratios  of  X phase  and  a given  complimentary  composition 
were  varied  in  an  attempt  to  approach  the  calculated  g'  composition  from  inside 
the  g’  - 15  R field.  There  was  another  reason  for  taking  this  approach  and  that 
is  this:  since  the  precise  control  of  stoichiometry  necessary  to  yield  single 
ptiase  g'  appears  to  be  difficult  to  achieve  and  because  two-phase  bodies  in  the 
p'  - X field  do  not  have  adequate  properties,  then  it  would  be  worthwhile  to 
investigate  the  sintering  and  properties  of  two-phase  bodies  in  the  g'  - 15  R 
field. 

The  composition  34C15  was  prepared  and  blended  with  10  percent  of  X phase. 

This  gives  a nominal  overall  composition  approximately  that  of  composition  34C5, 
i.e.,  well  inside  the  ’ - 15  R field.  Test  samples  610  through  620  (Table  VII) 
did  not  sinter;  the  porosity  of  the  fired  samples  is  nearly  that  of  the  unfired 
bars.  It  must  be  assumed  that  all  of  the  X phase  constituents  reacted  in  the 
solid  state  with  15  R phase  during  the  heatup  period  so  that  no  liquid  formed  at 
the  firing  temperature.  A composition .approaching  quite  closely  the  3'  solid 
solution  34  was  prepared  from  34C15  + 14  percent  X phase.  Wien  samples  of 
this  material  were  fired  at  1775°f  without  the  powder  pack  which  helps  to  suppress 
vapor  losses  (samples  665  through  668  , they  did  not  achieve  high  density  and 
were  not  tested.  However,  when  packed  in  powder  of  the  same  composition,  they 


sintered  to  high  density  (samples  655-7  and  682-4).  A representative  .i . ostructure 
is  shown  in  Fig.  34.  The  sample  exhibits  some  closed  porosity  and  resembles  quite 
closely  sample  543  (34C5  + 5w/o  X phase  ).  The  average  strength  of  the  34C1  + 

l4w/o  X samples  tested  (40,000  psi)  however  is  significantly  higher  than  that 
of  the  34C5  + 5^/0  X samples  (28,000  psi)  or  the  34010  + 5W/o  X sar.  "'es  (29,000 
psi)  and  this  group  contained  the  highest  individual  strength  measurement,  66,000 
psi. 

It  was  also  felt  to  be  worthwhile  to  examine  the  possibility  of  making  dense 
specimens  in  the  two  phase  field  S'  - O'  by  reacting  Si^N^  and  X phase.  The 
atomergic  0 S i 0N4  was  used  as  a starting  material  for  this  series  of  compositions 
(Al,  A2,  A3  and  A4,  see  Fig.  10  and  Table  I),  since  earlier  work  suggested  that 
this  material  would  have  greater  thermal  stability  in  the  a phase.  A number  of 
compositions  were  investigated  because  the  position  of  the  boundary  between  this 
two-phase  field  and  the  three-phase  field  0'  - O'  - X is  not  known  precisely.  f 
this  series,  compositions  Al  and  A2  showed  little  dens  if ication  and  there  was  no 
evidence  that  any  liquid  had  formed  at  the  firing  temperature.  This  suggests 
again  that  all  of  the  X phase  constituent  had  reacted  with  Si  y.’!(  in  the  solid 
state  before  the  melting  point  of  X phase  was  reached.  Composition  A3  did  not 
densify  without  being  packed  in  powder,  but  did  densify  when  in  the  powder  pack 
at  1775°C.  Composition  A4  exhibited  reasonably  good  densification  without  a 
powder  pack  at  1775°C,  but  did  exhibit  an  abnormally  high  concentration  of  free 
silicon,  indicating  that  considerable  decomposition  had  occurred  during  firing. 
Material  of  this  composition  exhibited  good  densification  when  fired  in  powder 
pack,  and  there  was  evidence  that  a substantial  amount  of  liquid  was  present 
at  the  firing  temperature.  The  samples  were  fused  to  the  powder  pack.  The 
bars  fractured  when  it  was  attempted  to  break  them  free  by  a blow  on  a chisel. 

The  fracture  had  a glasslike  appearance.  It  is  supposed  that  this  composition 
lay  in  the  three-phase  composition  triangle  as  indicated  on  the  phase  diagram. 

The  strength  values  determined  for  samples  of  this  composition  (samples  069  throug; 
672  were  again  typical  of  all  the  samples  that  one  presumed  to  contain  some 
residual  glass  or  X phases.  Samples  of  composition  A3  (Si^N^  + 15w/o  v exhibited 
some  improvement  in  strength  with  an  average  value  of  38,000  psi  and  a high;  value 
of  o5,000  psi. 

In  the  two  examples  above  of  moving  the  compositions  toward  fields  where 
X is  a stable  phase  (and  glass  metastable)  from  fields  that  do  not  contain  X 
(i.e.,  0 - 15  F in  one  case  and  3'  - O'  in  the  other),  compositions  have  beer, 

found  which  can  be  sintered  to  reasonably  high  densities,  and  exhibit  improved 
strength,  presumably  these  compositions  lie  very  close  to  the  respective  phase 
field  boundaries.  Compositions  that  lie  deep  in  the  S'  - 15  R and  S'  - O'  field.' 
do  not  sinter,  at  least  under  the  conditions  investigated  since  no  liquid  forna. 
q ompositi ons  richer  in  X easily  sinter  to  full  density  but  exhibit  peor  mechanical 
properties  because  of  retained  X or  glassy  phase. 
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2 . Elevated  Temperature  Flexural  Strength 

The  average  values  of  flexural  strength  of  bars  of  composition  -*C10  p:  ,s 
10  w/o  X phase  measured  at  room  temperature,  l?00°rt  1300°C  and  ted 

from  Table  VII,  are  shown  in  Table  VIII,  Fracture  surfaces  of  \ ari  • • ted 
1 ?70°C  are  shown  in  Figs.  35  and  36.  The  rough  surfaces  in  the  Lent i ilar 
of  fracture  origin  are  evidence  of  intergranu . ar  fracture  ; urine  slow  initial 
crack  growth.  Lange  and  lskoe  (Ref.  20)  attributed  slow  crack  growth  in  • 
pressued  Si  N t srain  be  tnda ry  sliding  resulting  r t pri  ence  f a vise  is 
grain  boundary  phase.  The  regionsof  slow  era  -k  growth  seen  in  Figs.  55  an  L 36  maj 
be  taken  as  further  evidence  for  a residual  grain  boundary  phas*>  in  these  samples, 
which  is  viscous  at  130  0. 

it  was  also  observe;  that  ail  surfaces  of  the  bars  * esti  l in  argon  atm<  [here 
at  ' wer<  vi  l with  i whitish  react  pr  iuct.  This  surface  reacti 

was  als  noted  n creep  test  specimens  and  wi  b<  iescribed  in  reaction  IIlBb. 

3.  1370°C  Creep  Tests 

w 

fh<  :ree]  :urvi  for  a bar  f compos  it  i ■ ■ • . < phase,  saraj  ie 

810,  is  shown  in  Fig.  37-  ang  le  speared  to  exhibit  a steady  state  creep 

rate  of  ! x l " ’ l > ' aft  r at  it  iri  I tesl  Lng  a : c ntinuing  for  a period 

of  about  24  hours.  The  apparent  cree]  rate  * .e:i  began  to  increase  and  had  reached 
7 x 10"4  :.r7*  aft  r • , whei  test  was  terminated.  When  the  sample  was 

examined  after  the  test,  a react  i r Lay  r wai  seen  t r sent  r.  the  surface 

of  the  sample,  as  shown  in  Fig.  -"A.  The  surface  -.ad  r,  classy  appearance  and 
was  crazed.  e craz<  i l ar  wai  ery  brittl  and  brok<  lalf  when  inadvertently 
Ir  pp<  i.  macr  praph  a fracture  i surfac<  shows  that  a reaction  zone  had 

proceeded  to  a depth  -f  a - ximal  Ly  f th(  sample  thickness.  (Fig.  38B. 

Assuming  that  the  reaction  layer  was  not  bearing  any  f the  tensile  load,  the 
tensile  stresses  on  the  sample  at  the  time  tie  cr  or  test  was  terminated  would 
have  been  about 


'SI 


0.69 


17,000  psi 


It  is  assumed  that  the  apparent  increase  in  creep  rate  after  50  hours  was  the 
result  of  a continuous  increase  in  the  tensile  stress . 're  flexural  creep  data 
for  sample  8ll  are  compared  in  Fig.  39  with  1400°0  compressional  creep  data  of 
Seltzer  (Ref.  1“  .,  for  H3130  hot  pressed  Si-,N(  and  for  some  SiAlONs.  To  extra- 
polate the  1370°C  creep  rate  of  cample  8ll  to  14.  . 'o , an  activation  energy  of 
95  Kcal/’mole  was  assumed.  The  SiAlON  materials  designated  59D  and  65c  were  reported 
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TABLE  VIII 

Average  Four  Point  Flexural  Strength  of  Test  Bars 
of  Compositions  34-010+10  w/o  X Phase  at 
Different  Temperatures 


Temperature 

(°C) 

Number 
of  Tests 

Average 

Strengtl 

psi 

25 

23 

30,400 

1200 

2 

30,000 

1300 

5 

26,000 

1370 

3 

2 6,000 
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to  have  a 1 : 1 mole  ratio  of  A1  -,0^  and  S^N^  with  6 and  7.5  w/o  AIN  and  2. 5 
percent  MgO  added.  If  this  stoichiometry  were  preserved  during  processing,  the 
composition  (ignoring  the  2.5  percent  MgO  addition)  would  be  about  23.21  percent 
Si,  19. 04  percent  A1 , 23.21  percent  0 and  34.52  percent  N.  This  is  not  a single 
phase  3’  composition  but  lies  in  the  3'  - X two  phase  field.  At  equilibrium, 
it  would  be  approximately  80  percent  of  3'  and  20  percent  of  X phase.  The  6' 
phase  composition  would  be  somewhat  richer  in  Si^N^  than  the  composition  of  sample 
'll  (cotm  osition  34,  see  Table  I).  Since  it  is  not  reasonable  to  assume  that  the 
presence  of  20  percent  of  a lower  melting  phase  (not  to  mention  the  effect  of  the 

would  give  improved  creep  resistance  compared  with  a (nearly)  single  phase 
s'  composition,  the  higher  creep  rate  of  sample  8ll  than  the  59D  and  65c  SiAlONs 
can  be  reasonably  attributed  to  the  method  of  testing  (flexure  rather  than 
com;  ressior.  . 'reep  samples  12  and  813  were  tested  at  stress  levels  of  22  and 
24  kpsi  respectively  and  both  failed  after  about  10  minutes  under  load  at  1370°C 
in  argon  atmosphere.  Photographs  of  the  fracture  surface  of  sample  813  are 
shown  in  Fig.  <•">  . Extensive  crack  growth  occurred  again,  apparently  as  a 
result  of  grain-boundary  sliding  occasioned  by  the  presence  of  a viscous  grain 
boundary  phase. 

4 . Stability  of  p 1 SiAlONs  in  Inert  Atmosphere 

The  137 0°C  strength  and  creep  measurements  in  argon  indicated  that  a surface 
reaction  occurred.  The  surface  of  creep  specimen  8ll  was  examined  in  the  x-ray 
diffractometer  and  gave  a strong  pattern  of  AIN  plus  a very  weak  pattern  of 
A1203.  The  fractured  surface  was  examined  in  SEM  and  EDAX,  and  the  results  are 
shown  in  Fig.  40.  The  surface  layer  is  porous  and  contains  no  detectable  amount 
of  silicon.  There  appears  to  be  no  intermediate  products  or  reaction  layers,  so 
it  may  be  assumed  that  the  surface  layer  is  uniform  and  contains  only  tiie  major 
AIN  and  minor  AlgO^  products  observed  by  x-ray  diffraction.  It  is  thus  apparent 
that  the  SiAlON  is  unstable  in  argon  at  1370°C  and  decomposes  directly  to  the 
indicated  products.  The  most  likely  reaction  for  the  decomposition  at  composition 
34  (x=l .6)  is: 

(1)  Si^  AIjl.6  01>6  N2_4  1.467  AIN  + 0.0667  A1203  + 1.4  SiO  4 0.467  N2 

which  is  in  agreement  with  the  observed  x-ray  results  and  consistent  with  the 
observations  of  Messier  and  Gazza  (Ref.  19)  that  mixtures  of  Si^Nh  and  A1203 
heated  in  flowing  argon  to  l450°C  did  not  react  to  form  stable  SiAlONs  but 
decomposed,  probably  according  to  the  reaction: 

(2)  Si3N4  + A1203  • 2 AIN  4 3Si0  (g)  4 N2  (g). 

The  general  equation  for  the  decomposition  of  B'  SiAlONs  at  temperatures 
below  the  decomposition  temperature  of  pure  Si3Njt  would  be: 
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ANALYSIS  OF  CREEP  SPECIMEN 


A SEM  MICROGRAPH  OF  REACTION  ZONE  AT  SURFACE  OF  CREEP  SPECIMEN 


B.  EDAX  OF  CREEP  SPECIMEN 


SURFACE  LAYER 
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a si3N4  (s)  + bALN  (s)  + c A1203  (s)  + d SiO(g) 


(3)  Si?.xW4.x  (s) 

+ eN2(g). 

Note  that  for  x < 1.5,  c = 0,  and  that  for  x > 1.5  a = 0.  For  the  case  where 
x = 1.5  both  a and  c = 0. 

To  date,  we  have  not  made  any  long  term  heat  treatments  of  9'  SiAlONs 
in  inert  atmosphere  or  vacuum  with  compositions  in  the  range  x < 1.5  and  can 
only  speculate  on  the  kinetics  of  the  reaction.  Regarding  the  kinetics  of 
reaction  (1)  (x  > 1.5)  we  can  postulate  that  since  the  reaction  layer  is  porous 
there  would  be  little  impediment  to  the  escape  of  reaction  products  from  the 
interface  so  that  linear  kinetics  would  in  all  likelihood  apply.  Calculating 
the  rate  of  interface  motion  from  the  single  data  point  represented  by  the 
creep  test  gives  the  rate  t at  1370°C 


^ _ ( .020" ) 
90  hrs . 


= 2.2  x 10 


14 


in/hr . 


where  t is  the  thickness  of  the  reaction  layer.  At  this  rate  the  creep  specimen 
would  have  been  completely  converted  to  AIN  and  AlgO^  iri  less  than  300  hrs. 


We  are  not  aware  of  any  reports  of  similarly  high  rates  of  decomposition  of 
hot  pressed  Si^N  in  vacuum  or  inert  atmosphere  at  comparable  temperatures,  and 
conclude  that  it  is  the  presence  of  substantial  amounts  of  oxygen  and  aluminum 
in  the  9'  lattice  that  facilitates  the  decomposition  by  1)  weakening  (expanding) 
the  structure  and  2)  permitting  the  formation  of  volatile  species  at  moderately 
low  temperatures. 


5 . Oxidation  Test  Results 

The  weight  changes  of  samples  of  composition  34  heated  in  air  at  different 
temperatures  are  recorded  in  Table  IX.  From  these  data,  the  values  (aw/A)' 
have  been  calculated.  This  function  plotted  against  time  yields  a straight 
line  if  oxidation  follows  parabolic  kinetics.  The  data  have  been  plotted  in 
this  fashion  for  comparison  with  the  parabolic  plots  of  recent  data  of  W.  C.  Tripp 
and  H.  C.  Graham  (Ref.  21)  for  the  oxidation  of  commercial  hot  pressed 
Si  Nj  (Norton  HS-130)  in  Fig.  4l . It  can  be  seen  from  these  curves  that  the 
weight  gains  of  SiAlON  materials  are  an  order  of  magnitude  less  than  that  of 
the  hot  pressed  material  at  1300°C  and  l400°C.  At  1000°C,  the  weight  gain  of 
the  SiAlON  was  too  small  to  be  measured.  The  x-ray  diffraction  pattern  obtained 
from  the  surface  of  the  oxidized  sample  of  composition  34  was  weak  and  showed 
a pattern  that  could  be  accounted  for  as  the  strongest  peaks  of  mullite 
superimposed  on  those  of  B'  SiAlON.  The  strongest  9'  peaks  were  roughly  twice 
the  intensity  of  the  mullite  peaks.  A photomicrograph  of  the  polished  cross 
section  in  the  region  of  the  surface  is  shown  in  Fig.  42.  There  was  considerable 
chipping  of  the  edges  and  pull-out  of  the  oxide  layer  during  polishing,  but  it 
appeared  that  the  oxide  layer  (mull ite ) varied  in  thickness  from  about  8 p 
(0.3  mil)  to  16  p (0.6  mil).  Comparing  this  scale  thickness  with  the  estimated 


Oxidation  Data  for  Composition  3*+  Sample: 
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FIG.  42 


MULLITE  SCALE  ON  p'  SiAION  COMPOSITION  34  AFTER  50  HRS  IN  AIR  AT  1400°  C 


R77-912532-4 


thickness  of  the  AIN  scale  on  the  same  body  heated  in  argon  at  1370°C  for 
50  hrs. (11  mil)  one  can  conclude  that  the  SiAlONs  are  more  stable  in  air  than  in 
inert  atmosphere. 

6.  Sulfidation  Test  Results 

2 

The  0'  SiAlON  composition  34  lost  about  0.4  mg/cm  during  the  24  hours  of 
testing.  This  corresponds  to  roughly  half  the  weight  of  sodium  sulfate  that 
was  sprayed  onto  the  sample  initially.  After  the  test  the  x-ray  diffraction 
patterns  off  the  surface  still  showed  strong  0'  peaks  plus  some  weaker  peaks 
superimposed  on  a moderately  intense  amorphous  background.  The  strongest  of 

o 

the  extraneous  peaks  was  at  4.1oA  which  is  probably  the  101  reflection  of  a 
somewhat  expanded  low  cristobalite  phase.  Other  peaks  were  very  weak  but  could 
be  attributed  to  either  the  low'  crystobalite  or  orAl  y ^ . A photomicrograph  of 
the  polished  section  of  the  sample  after  testing  is  shown  in  Fig.  43A.  A reaction 
layer  on  the  surface  is  seen  to  vary  from  a thickness  of  about  4 p,  (.16  mil' 
to  8 n ( .3  mil ) . 

2 

in  contrast  to  this  the  hot  pressed  Si^N^  sample  gained  about  0.4  mg/cm^ 
during  testing,  and  had  taken  on  a glassy  appearance.  X-rays  off  the  surface 
showed  a strong  amorphous  background  and  strong  peaks  corresponding  to  a 
cristabolite  with  preferred  (hOO)  orientation.  The  polished  section  is  shown 
in  Fig.  43B.  The  reaction  layer  which  has  suffered  substantial  pull-out  during 
polishing  ranges  from  about  35  n (1.4  mil)  to  50  p (2  mil),  it  is  sufficiently 
thick  to  prevent  penetration  of  x-rays  to  the  unreacted  Si^N,t.  Thus  the  thickness 
of  the  reaction  product  of  sulfidation  attack  on  Si^N  is  7 to  9 times  that  of 
3’  SiAlON  composition  34. 

7.  Room  Temperature  Impact  Strength 


Results  of  instrumented  Charpy  impact  testing  of  bars  of  composition  34ciO 
* 10w/o  X are  given  in  Table  X!  . Also  shown  in  Table  X.  are  impact  data  for 
•.  )t  tressed  Si  ^Nj+  (NC-132)  obtained  in  this  laboratory  by  ,J.  J.  Brennan  (Ref.  22). 
,ur-‘  ■ i is  a macrograph  of  the  broken  impact  specimens  showing  the  degree 
: • mentation  associated  with  the  different  levels  of  impact  strength.  The 
1"  el  of  impact  strength  occurred  when  fracture  was  initiated  by  a large 
•••:.  >n  the  fracture  surface,  Fig.  45.  The  highest  fracture  energy,  0.84 
in  still  only  one  quarter  of  that  of  the  hot  pressed  Si^N]4.  The  glass- 
>f  the  fragments  shovrn  in  Fig.  45  and  the  very  low  impact 
■ reinforces  the  conclusion  that  the  mechanical  properties  of 
■ 'ntrolled  by  a glass  intergranular  phase. 
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FIG.  43 


SULFIDATION  REACTION  SCALES 


A.  ON  (3’  StAION 
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TABLE  X 

Charpy  Impact  Strength  Data  of  Composition  34  SiAlON 


Impact 

Maximum 

Sample 

Energy 

Load 

Number 

in.  lbs 

lbs 

807 

0.84 

238 

808 

0.60 

303 

809 

0.36 

216 

810 

0.36 

1 95 

average 

0.54 

238 

NC-132 

3.5 

84o 

78 
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SECTION  IV.  SUMMARY  AND  CONCLUSIONS 


Attempts  were  made  to  produce  single  phase  0 ' Sig.xAl^yj  4 solid  solution 
bodies  by  a transient  liquid  phase  process.  In  this  process  bodies  were  formulated 
from  two  prereacted  compositions  one  of  which  (X  phase  - Si^AlgO]^^)  has  a melting 
range  in  the  neighborhood  of  1700°C.  The  second  composition  was  calculated  from  the 
lever  rule  to  yield  single  phase  0'  when  reacted  with  a predetermined  amount  of  X 
phase  at  temperatures  above  1700°C. 

Fully  dense  bodies  were  produced  using  this  technique,  and  one  such  body 
(Sii.l4Ali.gO1  6N2.4)  was  characterized  in  terms  of  microstructure,  room  temperature 
and  elevated  temperature  modulus  of  rupture,  1370°C  creep,  thermal  stability,  oxida- 
tion and  sulfidation  behavior,  and  room  temperature  impact  strength.  The  bodies 
generally  appeared  single  phase  to  x-rays,  but  micros  true tural  evidence  and  mechani- 
cal properties  indicated  that  residual  X phase  (whether  crystalline  or  glassy)  was 
retained  in  grain  boundaries  and  had  a strong  effect  on  mechanical,  properties. 

The  mean  room  temperature  and  1200°C  four  point  flexure  strength  for  such  bodies 
was  about  30,000  psi.  This  fell  to  2( ,000  psi  at  1370°C  when  tested  in  argon  atmos- 
phere. Three  point  flexural  creep  tests  in  argon  atmosphere  gave  a steady  state 
creep  rate  of  3-1  x 10-“  1 at  a tensile  stress  level  of  12,000  psi  at  l400°C. 

This  values  is  below  the  compressional  creep  rate  of  hot  pressed  Si3lfy  under  these 
conditions  which  is  reported  as  5.h  x 10““'  hr-'. 


The  3'  SiAlONs  are  not  stable  in  inert  atmosphere  at  elevated  temperature  but 
decompose  apparently  according  to  the  reaction  (for  x = 1.5): 

(3ip.rAlp.r;0p.r  . 5 ) **  1*5  alN(s)  + 1.5  Uio(g)  + ^(g) 

at  a very  substantial  rate.  At  1300°C  the  rate  of  planar  interface  advance  is  on  the 
order  of  P.2  x 10“4  in. /hr. 

Although  the  3 1 SiAlONs  are  unstable  in  inert  atmosphere  (and  presumable  vacuum) 
at  elevated  temperature,  resistance  to  oxidation  in  air  of  the  Sip.4Alp.6Op.gNo. 4 body 
is  markedly  superior  to  that  of  hot  pressed  SiqNi,.  containing  MgO.  The  parabolic  rate 
constants  at  1000°c  and  l400°C  for  the  SiAlON  are  roughly  0.07  times  those  of  the 
S^Kp  material.  The  superior  oxidation  stability  of  the  SiAlON  is  conferred  by  the 
formation  of  a thin  protective  coating  of  mullite. 
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Tlie  SiAlON  body  also  possesses  excellent  resistance  to  sulfidation  attack  as 
compared  to  hot  pressed  SigNj,.  After  coating  samples  with  0.1  mg/ cm2  of  aerosol 
carbon  and  1 mg/ cm2  ifapSO^  and  heating  in  air  for  24  hrs,  the  reaction  scale  on  the 
SiAlON  body  was  about  l/lO  the  thickness  of  the  scale  on  the  hot  pressed  Si^N^. 

Impact  strength  of  the  SiAlON  bodies  was  very  low  (less  than  one  in.  lb. compared 
to  about  3.5  in.  lb  for  hot  pressed  Si^N^). 

It  appeal's  to  be  deleterious  as  far  as  mechanical  properties  are  concerned  for 
the  SiAlON  body  retain  any  X phase,  yet  transient  X phase  (liquid)  appears  essential 
to  achieving  high  density.  Various  approaches  were  considered  for  eliminating  resi- 
dual X phase  or  ;lass  from  grain  boundaries.  Precise  control  of  stoichiometry  is 
very  difficult  in  the  system  because  of  variable  oxygen  content  of  starting  materials, 
the  possibility  of  adding  oxygen  during  many  of  the  processing  steps,  and  the  vapori- 
sation of  constituents  during  high  temperature  firing.  Because  the  S'  homogeneity 
field  appears  to  be  extremely  narrow,  any  deviation  from  the  theoretical  composition 
Si,  JY1  0 N v will  move  the  composition  of  the  body  from  the  single  phase  region  of 
the  phase  diagram  into  a two  (or  three)  phase,  region.  Since  poor  mechanical  pro- 
perties resul'  if  the  body  falls  in4o  the  g'-X  field,  experiments  were  made  with 
nominal  compos i'  ions  falling  within  other  two  phase  fields  (g ' + 15R,  and  3'  +0') 
as  a possible  technique  for  insuring  the  absence  of  residual  glass  or  X phase  in  the 
fired  bodies.  It  was  found  * ha4  compositions  far  from  ihe  respective  boundaries  of 
phase  fields  containing  X did  no‘  sin*er,  but  that  nominal  compositions  close  to 
‘ hese  boundaries  did  sinter  and  exhibi+ed  improved  strength,  with  four  point  flexure 
strength  values  up  'o.6f.,000  psi  being  observed. 

There  remains  much  room  for  refinement  of  processing  techniques,  particularly 
in  the  areas  of  materials  handling  and  processing  so  as  to  preserve  desired  stoichi- 
ometry. Firing  techniques  employing  controlled  gas  phase  composition  at  elevated 
pressure  would  be  desirable  as  a means  to  prevent  sample  decomposition  at  the  high 
temperature  necessary  for  liquid  formation  and  homogenization.  Particle  size  distri- 
butions of  the  phses  from  which  the  3’  body  is  formulated  should  be  optimized  so 
that  15R  and  X do  not  react  completely  in  the  solid  state  below  the  melting 
point  of  X phase  and  so  "dry-up"  the  system  prematurely,  yet  be  such  that  final 
homogenization  could  be  achieved  in  reasonable  times.  This  probably  means  a 
different,  rather  narrow  particle  size  distribution  for  each  component  with  X phase 
being  the  coarsest  fraction,  3’  intermediate  and  15R  the  finest.  Also,  to  make 
the  system  as  stable  as  possible  below  the  melting  point  of  X phase,  the  solid 
state  equilibrium  tie  lines  between  phases  should  be  established  experimentally. 

In  principal,  it  should  be  possible  to  achieve  a TLP  sintered  SiAlON  having  no 
residua]  grain  boundary  phase  and  which  would  exhibit  acceptable  mechanical  proper- 
ties. The  superior  oxidation  and  corrosion  resistance  already  exhibited  by  TLF 
SiAlON.:  is  Justification  for  further  pursuit  of  this  objective. 
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APPENDIX  - SAMPLE  BATCH  CALCULATION 


Composition  point  34^6 
atom  I Si 
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